Several strategies have been developed for the production of peptide nucleic acid (PNA) microarrays by parallel probe synthesis and selective coupling of full-length molecules. Such microarrays were used for direct detection of the hybridisation of unlabelled DNA by time-of-¯ight secondary ion mass spectrometry. PNAs were synthesised by an automated process on ®lter-bottom microtitre plates. The resulting molecules were released from the solid support and attached without any puri®ca-tion to microarray surfaces via the terminal amino group itself or via modi®cations, which had been chemically introduced during synthesis. Thus, only full-length PNA oligomers were attached whereas truncated molecules, produced during synthesis because of incomplete condensation reactions, did not bind. Different surface chemistries and ®tting modi®cations of the PNA terminus were tested. For an examination of coupling selectivity, bound PNAs were cleaved off microarray surfaces and analysed by MALDI-TOF mass spectrometry. Additionally, hybridisation experiments were performed to compare the attachment chemistries, with fully acetylated PNAs spotted as controls. Upon hybridisation of unlabelled DNA to such microarrays, binding events could be detected by visualisation of phosphates, which are an integral part of nucleic acids but missing entirely in PNA probes. Overall best results in terms of selectivity and sensitivity were obtained with thiol-modi®ed PNAs on maleimide surfaces.
INTRODUCTION
DNA microarray technology has come a long way, nowadays being applied in biological and biomedical research on a routine basis. Various biological aspects can be studied with this technology, of which transcriptional pro®ling (1) and detection of single nucleotide polymorphisms (SNPs) (2, 3) are currently the most widely performed analyses. While data interpretation has already become the bottleneck of the former, the latter process is still reeling from the lack of suf®cient raw data. Information on many SNPs in a large number of samples is required, for example, before associations can be detected between polymorphisms and phenotypical variations found in epidemiological studies. For other applications, such as the investigation of epigenetic variations (4) , it would be advantageous to interrogate very many to possibly all methylation sites in a single experiment. To date, DNA oligonucleotide microarrays have not been able to deal with samples of such complexity, although on-chip primer extension reactions (5, 6) and schemes for the preparation of appropriate hybridisation samples (see, for example, 7) have led to signi®cant improvements. The application of peptide nucleic acids (PNAs) as arrayed probe molecules (8) could offer an alternative with superior performance. PNA oligomers are synthetic DNA mimics with an amide backbone (9,10) that exhibit several advantageous features. They are stable under acidic conditions and resistant to nucleases as well as proteases (11) . Their neutral backbone increases the binding strength to complementary DNA compared to the stability of the respective DNA duplex (12, 13) . Thus, PNA oligomers can be shorter than oligonucleotides when used as hybridisation probes. In turn, mismatches have a more destabilising effect, thus improving discrimination. Due to their uncharged nature, PNA also permits the hybridisation of DNA samples under low or no salt conditions, since no interstrand repulsion, as occurs between two negatively charged DNA strands, needs to be counteracted. As a consequence, the target DNA has less secondary structure and is more accessible to the probe molecules. Most important, with respect to an alternative mode of detection, however, are the differences between the backbones of DNA and PNA. PNA:DNA or PNA:RNA duplexes can be visualised by time-of-¯ight secondary ion mass spectrometry (TOF-SIMS), detecting the phosphates that are an integral part of the nucleic acids but completely missing in PNA (14, 15) . The combination of PNA microarrays with TOF-SIMS detection has the potential to be a highly sensitive method for direct detection of the binding to microarrays of unlabelled RNA or DNA. However, for a robust analysis, relatively large numbers of high quality oligomers are required. In addition, they should *To whom correspondence should be addressed. be arranged in a microarray format in order to decrease the reaction volume and simplify the detection process. Generally, two approaches can be taken for the production of PNA arrays. PNA can be synthesised in situ in a parallel manner on porous support media (16, 17) by using the Spot method (18) . This procedure permits the simultaneous synthesis of many different molecules and has the advantage of a very low consumption of reagents per oligomer. However, the PNA quality is limited by the coupling ef®ciency of the activated monomers. The longer the PNA oligomers get, the more incompletely elongated sequences are present at each spot, thereby compromising performance. Furthermore, neither the number of spots per array nor the number of array copies that result from this procedure are suf®cient for high throughput analyses. In addition, the porous support lacks mechanical stability and is therefore less suited for handling and most detection proceedings. Alternatively to in situ synthesis, pre-fabricated PNA molecules can be spotted onto an appropriate support medium. If HPLC-puri®ed molecules were used, PNA arrays could be of high quality with respect to the oligomers and appropriate in dimension and format. Also, suf®cient copy numbers could be produced. In contrast to oligonucleotide synthesis, however, PNA chemistry is not that widely used and therefore rather expensive. Additionally, the scale of standard synthesis is about 2 mmol, which is much more than is needed for microarray production, thus adding extra cost. Also, standard HPLC puri®cation of many oligomers would be labour intensive and time consuming.
By combining the advantages of the two approaches and adding a puri®cation scheme that is intrinsic to the spotting process, we present in this paper a rapid and cost-effective strategy for the production of PNA microarrays. On the basis of earlier work (8, 17) , parallel synthesis of different PNAs by standard Fmoc chemistry on a resin is performed on ®lter-bottom microtitre plates. A half-automated process using Boc chemistry has also been reported by Nielsen and colleagues (19) . The much milder reaction conditions of Fmoc chemistry, however, permit a fully automated process. The amount of PNA synthesised in each well is de®ned by the amount of resin and can therefore be adapted to the actual requirements. In any case, it suf®ces for many microarray copies. Synthesis runs overnight in an automated manner with little consumption of PNA monomers and activating reagents, which are the most expensive consumables. Once released from the resin, the oligomers are easily recovered by transfer to another microtitre dish, ready for spotting without puri®cation. Only the full-length molecules of the synthesis products are attached to the microarray surfaces by selective binding of their terminal amino, thiol or biotin groups, respectively, while shorter derivatives do not bind covalently and are washed away. This overall process yields PNA microarrays of high quality that are affordable even for arrays with very many PNA oligomers.
MATERIALS AND METHODS

Chemicals
Unless stated otherwise, all chemicals and solvents were purchased from Fluka (Steinheim, Germany), Sigma-Aldrich (Munich, Germany) or SDS (Peypin, France) and used without further puri®cation. Fmoc-protected PNA monomers, {2-[2-(Fmoc-amino)ethoxy]ethoxy}acetic acid (Fmoc-AEEA-OH linker) and O-(7-azabenzotriazol-1-yl)-N,N,N¢,N¢-tetramethyluronium hexa¯uorophosphate (HATU) were obtained from PE Biosystems (Framingham, MA, USA). The rink resin LS used was from Advanced ChemTech (Louisville, KY, USA). Fmoc-protected rink linker (p-[(R,S)-a-[1-(9H-¯uoren-9-yl)-methoxyformamido]-2,4-dimethoxybenzyl]-phenoxyacetic acid) and Fmoc-Cys(Mmt) were obtained from Novabiochem-Calbiochem (La Èufel®ngen, Switzerland). Unlabelled and labelled oligonucleotides were purchased from Thermo Hybaid (Ulm, Germany). Pre-sliced 2 Q 2 cm and 5 Q 5 mm silicon wafers, gold-coated silicon wafers (both from GeSiM, Rostock, Germany) and non-derivatised microscope slides (Menzel-Gla Èser, Braunschweig, Germany) were used as solid supports.
PNA synthesis
Synthesis of the PNAs was performed automatically with an AutoSpot robot (Intavis Bioanalytical Instruments AG, Cologne, Germany) in 96-well plates that have a frit in each well. A vacuum was applied to remove the reagents from the wells during the synthesis cycles. The Fmoc-protected rink resin LS (100±200 mesh, substitution of 0.2 mmol/g) was swelled for 1 h in N,N-dimethylformamide (DMF) (2 mg resin per 100 ml). The solution was thoroughly mixed and a volume of 100 ml was distributed to each well for a standard scale synthesis. After extraction of the DMF, Fmoc protection groups were removed from the resin by successive 1 and 5 min incubations with 30 ml 20% (v/v) piperidine in DMF, with one DMF washing step in between. The resin was then washed ®ve times with 80 ml DMF followed by the ®rst coupling reaction. Per well, a volume of 4 ml Fmoc-protected PNA monomer, biotin, AEEA-OH spacer or Cys(Mmt) [each 0.3 M in 1-methyl-2-pyrrolidone (NMP)], respectively, was activated for 60 s with 2 ml HATU (0.6 M in DMF) and a 2 ml mix of 0.6 M N,N-diisopropylethylamine (DIEA) and 0.9 M 2,6-lutidine in DMF. Subsequently, the resin in each well was incubated with this mixture at room temperature for 20 min. Coupling was repeated after rinsing with DMF in between. The resin was then washed three times with DMF. For the capping of free, non-elongated amino groups, there was incubation with 5% acetic anhydride and 6% 2,6-lutidine in DMF for 5 min. Finally, the resin was washed another ®ve times with 80 ml DMF. Deprotection, coupling of the next monomer and capping were repeated as described above until synthesis of the PNA molecule was completed. For synthesis of fully acetylated PNAs, ®ve additional acetylation steps were carried out after removal of the last Fmoc protection group.
Prior to cleaving the PNA products from the resin, they were washed ®ve times with 80 ml DMF followed by three washing steps with 80 ml 1,2-dichloroethane. After the resin was dried, 100 ml cleavage mix consisting of 80% tri¯uoro-acetic acid (TFA) with 5% triisopropylsilane in 1,2-dichloroethane were added for 1 h at room temperature. Subsequently, the PNAs were processed in two different ways. They were either eluted from the resin with 200 ml water into another microwell plate, lyophilised and each dissolved in 100 ml water. Alternatively, the PNA was eluted from the resin with another 150 ml cleavage mix and subsequently precipitated twice with 1 ml ice-cold diethyl ether. After the remaining ether was evaporated, each PNA was dissolved in 100 ml water and stored at 4°C. For quality control, a 1 ml aliquot was diluted in 20 ml water and analysed by MALDI-TOF mass spectrometry. PNA concentrations were calculated from OD values determined at 260 nm.
MALDI-TOF mass spectrometry
MALDI mass spectra were recorded in positive ion re¯ector mode with delayed extraction on a Re¯ex II time-of-¯ight instrument (Bruker-Daltonik, Bremen, Germany) equipped with a 337 nm nitrogen laser. Ion acceleration voltage was 20 kV; re¯ector voltage 21.5 kV; ®rst extraction plate 15.1 kV. As the matrix, 3-hydroxypicolinic acid (HPA) (0.7 M HPA, 70 mM ammonium citrate in 50% aqueous acetonitrile) was used. For quality control measurements, 0.5 ml diluted PNA solution and 0.5 ml matrix were mixed directly on the target. The mixture was allowed to dry at ambient temperature and was then introduced into the mass spectrometer for analysis.
Microarray surface derivatisation
General. Unless stated otherwise, all reactions were carried out at room temperature. All reactions were performed identically for both silicon wafers and glass slides. Storage of modi®ed supports was at 4°C. Activation with N,N¢-disuccinimidyl carbonate (DSC) or 6-maleimidohexanoic acid N-hydroxysuccinimide ester (EMCS) was carried out directly prior to the spotting process.
Silanisation. Untreated silicon wafers were washed with dimethyl sulfoxide, ethanol and water and then etched in 10% NaOH (w/w) at room temperature for 1 h, followed by soni®cation for 15 min. After washing the wafers thoroughly with water and ethanol, they were incubated by shaking gently in a silanisation solution of 1 ml [3-aminopropyl]triethoxy silane in 20 ml 95% ethanol for 1 h and an additional 15 min in an ultrasonic bath. Finally, the wafers were rinsed twice with ethanol, once with water, dried under a stream of nitrogen and heated to 110°C for 20 min.
Succinimidyl ester activation. Aminosilane-modi®ed silicon wafers were immersed in a solution made of 150 mg DSC and 0.5 ml DIEA in 14.5 ml dried acetone on a shaker at room temperature for 2 h, washed twice with 15 ml dried acetone and twice with 15 ml dichloroethane. The dried wafers were directly taken for the spotting procedure.
Maleimide activation. Aminosilane wafers (2 Q 2 cm) were covered with 40 ml of 20 mM EMCS in a 10% solution of diisopropylethylamine in anhydrous DMF. The reaction was carried out under a coverslip at room temperature for 3 h. The wafers were washed twice with DMF and once with acetone, air dried and immediately used for spotting.
Streptavidin coating. Succinimidyl ester activation of aminosilane wafers was carried out as described above. After drying, each activated wafer was incubated overnight in a humid chamber with 60 ml of an aqueous solution of 1 mg/ml streptavidin in 60 mM sodium phosphate, 0.45 M sodium chloride (3Q phosphate-buffered saline). The wafers were subsequently washed with 1Q BW buffer (5 mM Tris±HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl). Wafers were stored for up to 1 week in 1Q BW buffer at 4°C. Prior to spotting, they were rinsed brie¯y with water and dried under a stream of nitrogen.
Rink linker coating. Prior to the reaction, Fmoc-rink linker was pre-activated for 3 min by adding 1.3 mol equivalent diisopropylcarbodiimide and 1 mol equivalent 1-hydroxy-7-azabenzotriazole and diluted to a ®nal concentration of 0.1 M in NMP. For coupling, aminosilane-modi®ed silicon wafers were covered with this solution (5 Q 5 mm wafer, 20 ml; 2 Q 2 cm wafer, 60 ml) at room temperature for 4 h. After two washings with DMF, capping was carried out by two successive incubations of 3 and 7 min, respectively, with a solution made of 240 ml acetic anhydride and 240 ml anhydrous pyridine in 20 ml DMF. Afterwards, the wafers were washed with DMF and treated twice (3 and 7 min) with 20% piperidine in DMF (v/v) in order to remove the Fmoc protection groups, followed by a ®nal washing step with DMF. For a rink linker surface with AEEA-OH spacer, the above synthesis steps were repeated using the Fmoc-AEEA-OH compound. Finally, the wafers were washed with ethanol, dried with nitrogen and either stored at 4°C or directly activated with EMCS (for maleimide rink linker surfaces) or DSC (for succinimidyl-AEEA rink linker surfaces) as described above.
Spotting of PNAs
PNAs were spotted at concentrations ranging from 5 to 200 mM. Depending on the surface employed, different spotting buffers were used. For maleimide-activated wafers and gold surfaces, 1 M betaine in water was used with a pH of 7.0. The same solution was used on succinimidyl-activated surfaces, but here the pH was adjusted to 7.5 with NaOH. For streptavidin surfaces, PNA was taken up in 1Q BW buffer. Spotting was performed with an SDDC-2 DNA Micro-Arrayer from Engineering Services Inc. (Toronto, Canada). SMP3 pins (TeleChem International Inc., Sunnyvale, CA, USA) were used except for the spotting on streptavidin-coated slides, for which SMP10B pins were used. Centre-to-centre spot spacing was 170 mm for the SMP3 pins and 600 mm for the SMP10B pins.
After spotting, gold wafers as well as the EMCS-and DSCtreated surfaces were incubated at room temperature overnight. Succinimidyl slides were deactivated in a solution of 50 mM succinic anhydride and 150 mM 1-methylimidazole in dichloroethane (20) , each slide being shaken in 15 ml for 2 h. After blocking, the slides were washed twice with dichloroethane. Maleimide surfaces and gold wafers were deactivated in 1 mM 3-mercaptopropionic acid in ethanol for 30 min, followed by three washing steps with 15 ml of ethanol, DMF and again ethanol. All surfaces were then rinsed twice with 5 mM sodium phosphate and 0.1% SDS that had been heated to 90°C, then incubated in water of the same temperature for 10 min, followed by rinsing with 1 M NaCl in 0.1% aqueous TFA and water. After drying with nitrogen, they were ready for hybridisation.
In contrast to this, streptavidin-modi®ed surfaces were incubated in a humid chamber for 45 min directly after spotting and subsequently blocked with 1 mM biotin in 1Q BW buffer with gentle shaking for 20 min. The wafers were then washed thoroughly with 1Q BW buffer (three times with shaking and once in an ultrasonic bath for 15 min) and then stored in 1Q BW buffer. Prior to hybridisation experiments, a short washing step with water and hybridisation buffer was carried out.
Cleavage from the surface
In order to check binding selectivity via MALDI-TOF analysis, maleimide-activated surfaces with rink linker modi®cation, succinimidyl-activated wafers with an AEEA and rink linker as well as strepatvidin-coated slides (in each case 5 Q 5 mm silicon slides) were covered with 15 ml of the corresponding spotting solution containing 50 mM PNA. Incubation, blocking and washing procedures were carried out as described above. For the rink linker-modi®ed surfaces, cleavage occurred by incubation in a mixture of 95% TFA and 5% triisopropylsilane for 40 min. Streptavidin slides were heated to 70°C in 25% aqueous NH 3 suprapur (Merck, Darmstadt, Germany) for 20 min. The released molecules were lyophilised, dissolved in 5 ml water and concentrated with ZipTip pipette tips (Millipore Corp., Eschborn, Germany) as recommended by the manufacturer. The products were directly eluted onto a MALDI target with 1.5 ml HPA matrix and analysed. For a comparison of MALDI spectra of the crude and respective cleaved PNAs, all PNA samples were concentrated by the ZipTip procedure.
Hybridisation
For the detection of single base mismatches, two¯uorescently labelled oligonucleotides were mixed (DNA-Seq2A-Cy5 and DNA-Seq2G-Cy3, DNA-Seq2C-Cy5 and DNA-Seq2G-Cy3 or DNA-Seq2T-Cy5 and DNA-Seq2G-Cy3; see Table 1 ) to a ®nal concentration of 0.2 mM each in 0.1Q SSarc buffer (60 mM sodium chloride, 6 mM sodium citrate, 0.72% v/v Nlauroylsarcosine sodium salt solution). For the other hybridisations, three¯uorescently labelled oligonucleotides (DNA-TC-Cy5, DNA-Seq1-Cy5 and DNA-Seq2G-Cy3; see Table 1 ) were mixed. About 18 ml of each mixture were cast onto a 2 Q 2 cm slide and covered with a coverslip. Incubation was in a hybridisation chamber (TeleChem) at 38°C for 2 h. Subsequently, the slides were washed twice with 0.1Q SSarc at the same temperature, rinsed with water and dried with nitrogen.
Microarray analysis
Fluorescence signals were detected on a ScanArray 3000 or ScanArray 5000 unit (Packard, Billerica, MA, USA) and analysed with the GenePix software package (Axon Instruments, Union City, CA, USA).
Label-free detection of bound DNA by secondary ion mass spectrometry was performed with a TOF-SIMS type IV instrument with Ar + and Xe + primary ions at energies of 10 keV. The total ion dose density was 10 12 per cm 2 at a repetition rate of 5 kHz. The mass resolution was 6000 m/Dm.
RESULTS
PNA synthesis
An automated synthesis of PNA oligomers in 96-well plates was established using standard Fmoc chemistry and rink amide resin. The process was optimised with regard to reaction times, washing steps and the ratio of the amounts of resin and reagents. Performing two successive coupling steps compensated for the lack of stirring or other mixing processes within the wells. Intensive washing and longer coupling periods led to higher yields of full-length PNA oligomers (Fig. 1) . Molecules of up to 22 nt in length were synthesised, with the stepwise yield being 85±98%, the variance depending on the actual sequence. As PNA synthesis is basically peptide chemistry, the introduction of amino acids or terminal modi®cations like biotin was easy to achieve and resulted in the desired products (see, for example, Fig. 2 ). The protocol detailed in Materials and Methods yielded~100 nmol crude PNA product per well. This value could be altered to meet the actual need, however, by changing the amounts of resin and reagents correspondingly.
After synthesis, the PNAs were fully deprotected and cleaved from the resin by incubation with a mixture of TFA and triisopropylsilane in dichloroethane. If the molecules were for applications other than microarray production, they were 
The DNA sequences complementary to the respective PNA (TC, Seq1, Seq2A, Seq2C, Seq2G or Seq2T) are underlined. Li=AEEA-OH linker; X=NH 2 , acetyl, cysteine or biotin. eluted from the resin with additional TFA mixture into new vials and subjected to ether precipitation for the removal of the Bhoc side chain protection groups. For the rapid and economic production of microarrays, however, ether precipitation was avoided. The PNAs were eluted from the resin after addition of some water, lyophilised and dissolved directly in spotting solution. The eventual microarray performance was not affected by this simpli®cation. For spotting on maleimideand succinimidyl-activated surfaces, an aqueous solution of 1 M betaine was used, whose pH was adjusted with NaOH. The main effect of the betaine was a signi®cant reduction in evaporation during the spotting process (20) . Since small volumes of one to a few nanolitres were spotted, this signi®cantly increased the period during which a reaction between PNA and surface could take place, resulting in better and more homogeneous binding. For streptavidin-coated slides, 1Q BW buffer was used as spotting solution. Here, evaporation was avoided by adjustment of the air humidity during the whole reaction time (spotting process as well as incubation time).
PNA puri®cation by selective binding of full-length molecules
To avoid time-consuming and expensive puri®cation of the molecules by means such as HPLC, we tested different coupling chemistries for achieving a selective binding of the full-length PNA products to the microarray surface. Eventually, the following combinations were analysed in detail: succinimidyl-activated slides and unmodi®ed oligomers with a primary amino group (H 2 N-PNA-CONH 2 ; Fig. 3a) ; maleimide-activated or gold-coated slides and PNA, to which a cysteine was added during the last synthesis cycle (Cys-PNA-CONH 2 ; Fig. 3b) ; streptavidin-coated slides and PNA with an N-terminal biotin (biotin-PNA-CONH 2 ; Fig. 3c ). All shorter PNA derivatives visible in the MALDI spectra, resulting from incomplete condensation during PNA synthesis, were capped prior to the following extension reaction and had therefore acetylated amino ends that should not bind to the microarray surfaces. Thus, spotting and puri®cation could take place concomitantly. PNA 13mers of different sequence (Table 1) were synthesised. For each sequence, oligomers with all three abovementioned N-termini were produced. A portion of each PNA oligomer with a terminal amino group was subsequently capped by ®ve successive acetylation reactions and employed as a negative control. Additionally, oligomers of entirely unrelated sequence were produced in order to check for nonspeci®c hybridisation. Two processes were used to monitor the ef®ciency of the on-chip puri®cation by selective binding (Fig. 3) . First, the PNA synthesis products were spotted onto the adequate microarray surfaces and hybridised with complementary Cy3-or Cy5-labelled DNA oligonucleotides ( Table 1 ). The signal intensities obtained at the respective spots were compared to the results at the positions of the fully acetylated PNAs. As a second measure, crude PNA products with an intentionally high amount of incomplete and thus acetylated sequences were attached to slides modi®ed with an acid-labile linker system (H 2 N-PNA-CONH 2 and Cys-PNA-CONH 2 ) or directly to a streptavidin surface (biotin-PNA-CONH 2 ). After washing, the bound PNA molecules were cleaved from the surfaces and analysed by MALDI-TOF mass spectrometry. Only the results for the oligomer Seq1-PNA are shown in Figure 3 (second panel), but identical ®ndings were obtained with all other oligomers.
For the succinimidyl-activated microarrays (Fig. 3a) , the mass spectrum demonstrates good puri®cation ef®ciency. The molecular weight of the full-length Seq1-PNA (3834.7 Da) increased to 4022.9 Da, since the AEEA-OH linker was still attached to the PNA after release from the support. No peaks from molecules shorter than the original full-length PNA can 
be seen. Only a small remaining signal was detected at 3834.7 Da itself (marked with an asterisk), indicating the occurrence of some non-covalent interaction of the PNA and surface. A weak signal was also observed on the spots of the fully acetylated PNA in the hybridisation experiments. Nonspeci®c hybridisation of the DNA could be ruled out, since no such effect was seen on unrelated PNA sequences. Initially, we assumed that the acetylation reaction was not quantitative so that remaining primary amino groups could still be available for binding. However, increasing the number of successive acetylation reactions to ®ve did not reduce the observed signal. Covalent binding of acetylated PNAs could have occurred via the less reactive, heterocyclic amino groups of the bases adenine, cytosine and guanine. However, no corresponding peak, which would have a changed molecular mass due to addition of the AEEA-OH linker to the PNA, could be observed by mass spectrometry. Therefore, it is likely that the small portion of non-covalent interaction between the PNA and surface is stable during the hybridisation process and contributes to the signal generated by hybridisation.
Mass spectra of PNAs cleaved from maleimide-activated slides (see, for example, Fig. 3b) show that only completely extended sequences had been attached to the microarray surface. The peaks correspond to the masses of the PNA with maleimide linker group and the amino group of the rink linker Ef®cient on-chip puri®cation could be demonstrated on streptavidin slides (Fig. 3c) as well. No molecule other than full-length PNA was detected by mass spectrometry. Upon hybridisation of DNA samples, the average ratio of the signal intensities of acetylated to biotinylated PNAs fell in between those obtained on succinimidyl-and maleimide-activated slides. However, during the spotting process, biotinylated PNA got stuck to the spotting pins, although extensive washing of the pins between spotting events was performed. Thereby, some carry-over of PNA occurred, eventually causing signals at spots onto which mere buffer samples had been placed. A possibility to circumvent this problem would be the use of non-contact printing devices.
Evaluation of hybridisation parameters
Generally, the PNA microarrays turned out to be very robust and stable. Arrays on maleimide and succinimidyl ester surfaces especially could be stripped and re-used many times over. No apparent change in signal intensities could be detected after 20 cycles of hybridisation and stripping (data not shown). In order to determine the PNA amount that is optimal for hybridisation, different concentrations of PNA were spotted and hybridised with complementary,¯uores-cently labelled oligonucleotides (Fig. 4) . On DSC-activated slides, an optimal loading was achieved at a PNA concentration between 120 and 160 mM. EMCS-activated surfaces exhibited saturation at~200 mM. This higher value may be due to the formation of disul®des between PNA molecules with terminal cysteines, resulting in a lower concentration of molecules with a free thiol group. Hydrolysis of Nsuccinimidyl ester groups from the DSC surface may also play a role. On streptavidin surfaces, biotinylated PNAs at concentrations between 160 and 200 mM showed good results. For all three processes, one could expect a reduction in the amount of bound DNA at higher concentrations because of steric reasons. Within the range analysed, however, no such effect was observed.
The selectivity of DNA hybridisation to arrayed PNA molecules had been analysed earlier (8, 17) . To evaluate the performance of PNA on glass surfaces, the hybridisation of molecules that differ by a single nucleotide was analysed. Figure 5 presents results obtained with the 13mer molecules Seq2A-PNA, Seq2C-PNA, Seq2G-PNA and Seq2T-PNA (Table 1) . Hybridisation was performed with a mixture of the Cy3-labelled DNA molecule DNA-Seq2G-Cy3, which is complementary in sequence to Seq2C-PNA, and a Cy5-labelled oligonucleotide that corresponds to bases A, C or T, respectively. In all cases, good discrimination between the four sequence variants was obtained.
TOF-SIMS detection of hybridisation events
Overall, best results with regard to surface preparation, selective binding of full-length molecules, performance in hybridisation experiments with¯uorophor-labelled DNA samples and reusability were obtained by coupling PNAs that carried a thiol group by virtue of a terminal cysteine onto maleimide (EMCS) surfaces. The eventual goal of our study, however, was the production of microarrays to detect hybridisation of unlabelled DNA by TOF-SIMS. For an examination of their performance under such conditions, we spotted four thiol-modi®ed PNAs (TC-PNA, Seq1-PNA, Seq2C-PNA and Seq3-PNA; Table 1 ) in 10 replicates with spot diameters of 100 mm on EMCS-activated silicon wafers. One microarray was hybridised with three Cy5-or Cy3-labelled oligonucleotides, the other incubated with three unlabelled 50mer oligonucleotides (DNA-TC-long, DNA-Seq1-long and DNA- Seq2G-long; Table 1 ) that were complementary to three of the four PNAs. While the¯uorescence signals were detected by ā uorescence scanner, TOF-SIMS was employed for the detection of hybridisation of the unlabelled DNA. Both experiments produced identical results. Signal was obtained only on a PNA that was complementary to one of the DNA samples (Fig. 6a) .
In other experiments, we spotted dilutions of thiol-modi®ed PNAs onto silicon wafers with gold surfaces. A typical result obtained with TC-PNA and Seq1-PNA (from left to right, 400 down to 12.5 fmol; spot diameters 300 mm) is presented in Figure 6b . This microarray was hybridised with an unlabelled oligonucleotide that was complementary only to TC-PNA and analysed by TOF-SIMS. A strong signal was detected even on PNA of low concentration. Although no optimisation with regard to the absence of phosphate contamination had been performed, there was only a relatively low background signal around spots or on spots of non-complementary PNA sequence. As a matter of fact, presence of high concentrations of unrelated PNA suppressed the background signal signi®-cantly. TOF-SIMS measurements analyse only the upmost monolayer of molecules. Therefore, the primary ion beam is prevented by the layer of PNA oligomers from penetrating the microarray surface. While the surface is slightly contaminated with phosphates, the PNA layer does not contain any of them, thus no background signal is produced.
The images shown were produced by scanning the entire surface pixel by pixel. Since molecules are removed by TOF-SIMS, the microarrays were not reused in such cases. However, scanning was done in order to produce complete images. This is not necessarily required in real analyses. Only a small portion of each spot could be analysed, leaving the remaining area unaffected and thereby available to subsequent analyses.
DISCUSSION
The ability to purify crude PNA products by an on-chip puri®cation process that is intrinsic to the application of the PNA to the microarray surface provides the means to produce complex PNA microarrays of high oligomer quality. The automated PNA synthesis in 96-well plates permits low cost production of PNA in quantities that suf®ce for the production of very many microarray copies. Beside this application, the PNA molecules can also be used for other purposes, such as uorescence in situ hybridisation experiments (21, 22) , as capture probes for RNA puri®cation (23) , as molecular beacons (24) or as PNA openers (25, 26) , for example. Concerning microarray production, we established three puri®cation schemes that produced good results, crucial to performing analyses such as the detection of SNPs accurately, for which purity of the PNA molecules and a low background signal are a prerequisite. Maleimide surfaces in combination with thiol-modi®ed PNAs were the overall best choice. It should be noted that in all experiments we compared hybridisation signals on identical concentrations of fully acetylated PNA and normal PNA products. The absolute amount of shorter than full-length, and thus acetylated, derivatives in a normal PNA synthesis is much smaller than the quantity of acetylated PNA used in our experiments. Therefore, the hybridisation signal that results from nonspeci®c binding of such molecules is signi®cantly lower than what was measured in our set-up.
In addition to analyses with¯uorescently labelled samples, the microarrays permitted speci®c and rather sensitive detection of unlabelled DNA targets by TOF-SIMS. Gold-coated and maleimide-activated silicon wafers in combination with thiol-modi®ed PNAs proved especially promising in this respect. Even with an entirely unre®ned system, sensitivity (Table 1) were spotted on DSC-activated silicon wafers in two rows of eight replicate spots each, separated by two rows of buffer spots. The PNAs were identical in sequence but for the central base, which was (from top to bottom) A, C, G and T, respectively. Slides were hybridised with a mixture of two complementary oligonucleotides: (a) DNA-Seq2G-Cy3 and DNA-Seq2A-Cy5; (b) DNA-Seq2G-Cy3 and DNA-Seq2C-Cy5; (c) DNA-Seq2G-Cy3 and DNA-Seq2T-Cy5. was good, the detection limit being in the attomolar range. With the potential of hybridising long DNA fragments, optimisation of the phosphate background in the buffer and surface coatings, as well as signi®cant reductions in spot size, the last also adding a positive effect on sensitivity that is predicted by the ambient analyte theory (27) , much better sensitivity is to be expected. The detection mode could also be improved by various means (Feldner et al., in preparation). Combined, these measures might pave the way for an analysis of complex DNA samples without the need for prior ampli®cation and labelling. Rather than being restricted by the sensitivity of detection, the ability to select oligomers of unique sequence might become the limiting factor. At least in some assays, such as looking for infections by searching for contaminating DNA from other organisms, this could be overcome because of differences in sequence composition. However, single base mismatches could also be very well discriminated with 16mer PNA oligomers (see, for example, 8). Thus, oligomer length could be adapted to the complexity of the sample.
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